I t is the exception rather than the rule that workers are exposed to one chemical at a time. Workers exposed to petroleum are exposed simultaneously to about 20 aromatic compounds. Exposures to chemical mixtures do not occur solely in work settings. Pesticides frequently are used in combination, and agricultural workers are exposed to other substances such as organic dusts, solvents, and volatile organic compounds. Humans are not only exposed to chemicals in the work environment. Health and lifestyle factors lead to differences in diets, smoking habits, medications, and alcohol use. Despite the fact that humans are most likely to be exposed to mixtures of chemicals, an overwhelmingly large portion of the toxicological and occupational research to date deals with single, pure chemicals (Yang, 1994) .
The limited amount of research available demonstrates that combined exposures to chemicals may result in interactions leading to a significant increase or decrease in the overall toxicity of the mixture. In 1996, the National Institute for Occupational Safety and Health (NIOSH) designated the area of chemical mixtures as one of 21 research priority areas. The environmental impact of chemical mixtures is best seen in the phenomena pro- duced by chemical waste disposal sites such as Love Canal and other Superfund hazardous waste sites, the "urban soup" associated with air pollution, and the contamination of large bodies of water and drinking water sources (Yang, 1994) . The major focus ofresearch to date has been on the chemical mixtures found in tobacco smoke, combustion products, engine exhaust, and air pollution (Mauderly, 1993) . However, NIOSH (1996) has identified other areas of need, including investigations of potential health effects associated with noise and solvents, diesel and other fuels, pesticides, indoor air, and hazardous waste, among others (Table 1) .
TOXICOLOGICAL PRINCIPLES OF CHEMICAL INTERACTIONS
A toxicological interaction is a circumstance in which exposure to two or more chemicals results in a qualitatively or quantitatively altered biological response relative to that predicted from the actions of a single chemical. Multiple chemical exposures may occur simultaneously or be sequential in time. The altered response to the combined exposure may be greater or smaller in magnitude than that expected from single exposures (National Research Council, 1980) . The toxicological interactions associated with chemical mixtures can be described by three general reactions:
Chemical-Chemical Reactions. One chemical may react with another in such a way that the potentially injurious chemical never reaches the target site in an active form. Examples include neutralization of acids/bases and chelation reactions. The result may be beneficial, but enhanced injury may result.
Chemical Competition at Macromolecules. This type of reaction is probably the most frequently encountered and most thoroughly studied. The competition results from the relative affinities of exogenous chemicals for a limited number of reaction sites on cellular macromol ecules, which may be the molecular sites of absorption, activation, detoxification, injurious action, or excretion. Knowledge of the nature of individual chemicals and the kinetics of their reactions makes it possible to develop predictive models of how they may interact. The interactions of ethanol and various solvents has been well documented. For example , ethanol has a profound inhibitory effect on the metaboli sm of tricholore thytlene, styrene, xylene, and toluene (Dess ing, 1986). Altered Cellular Responsiveness or Reactivity. A cell or tissue is altered by one chemical in such a way that the cell or tissue response to a second chemical is altered, even if the first chemical is no longer present. An example of this type of reaction is seen in the promotion by one compound of chem ical carcinogenesis initiated by exposure to another chemical.
While the major focus of this article is the interactions of chemicals, it is important to note that certain conditions also have been found to alter the toxicological interactions of chemicals (National Research Council, 1980) . Physical factors such as vibration or noise have been found to affect 30 microsomal oxidative stimulation and thereby the metabolism of certain chemicals. Cold environmental temperatures can establish a stress reaction and affect concurrent metabolism of certain agents. Thermal stress and dehydration can be potentiating factors for the metabolism of drugs, ozone, lead, mercury, and various pesticides. This effect may be related somewhat to increased respiration and dermal exposure (National Research Council, 1980) .
It is well known that physical activity during exposure markedly influences the pharmacokinetics of inhaled chemicals. Figure 1 demonstrates the interaction between trichloroethylene (TRI), a commonly used solvent, and activity. The simulation was done for a man (body weight, 70 kg) who inhaled 50 ppm TRI for 8 hours (8:00 AM to 12:00 PM and 1:00 PM to 5:00 PM), performing 50 W workload. Exercise and TRI exposure during different time periods (i.e., night shifts) was not studied. The concentration of metabolites in blood was almost doubled at 50W workload compared with that at rest. Other factors found to influence the body levels ofTRI include body fat content, gender, and ethanol (Sato, 1993) .
Activities of the hepatic enzyme systems metabolizing foreign compounds vary with nutritional status. Protein deficienc y increases the susceptibility of several chemicals including DDT, lindane, and chlordane. Preexisting disease states can alter the effects of chemicals (National Research Council , 1980) . Basic toxicological principles include the four possible types of action when a mixture of chemical s is encountered (Klaassen, 1986a) :
No Interaction or Independent Effects. The health effects are qualitatively and quantitatively similar to those produced by the components when administered alone. An example may be when one compound (e.g. sulfuric acid) is an irritant and the other (e.g. lead) produces a systemic effect.
Additive Effects. The components have the same toxic endpoint, and the total toxicity of the mixture equals the sum of toxicity of the individual components (2 + 3 = 5); for example, organic solvents or metals affecting cardiovascular pathology. Addivity is the most common way risk assessment of chemical mixtures is currently performed, but is not always accurate in predicting health outcomes. Recent reviews of animal research on multiple compound s demonstrated that the additive model predicted the health effect in 50% of the cases. In 25% of the cases, it overestimated the health effect, and in 25% the effect was significantly underestimated (Nelson, 1994) .
Potentiation and Synergistic Effects. The toxicity of the component is enhanced in the presence of a relatively nontoxic component or a potentially toxic component ;::
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:00 12:00 16:00 20:00 24:00 4:00 8:00 (2 + 2 = 20, or 0 + 2 = 10). For example, coexposure to cobalt and tungsten carbide prompts hard metal disease, which is not observed with exposure to cobalt alone. Cobalt alone can induce specific sensitization of the airways. However, animal studies have shown than metallic tungsten or tungsten carbide dust alone produces little histologic change (Balmes, 1994) . Another example of potentiation is seen when hepatotoxins such as acetaminophen enhance the toxicity of cadmium. Antagonistic Effects. The toxicity of one component is reduced in the presence of another (4 + 6 = 8). Selenium administration reduces the toxicity of mercury. Ethanol will reduce the toxicity of ethylene glycol and methanol. The effects of coexposures of chemicals can occur in different stages including uptake, elimination, biotransformation, and binding (Ogata, 1993) .
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Effects on Uptake. Interactions of chemicals may alter the delivery of a substance to the target cell or tissue. Components may interact in the air and become more toxic, or one component may cause inflammation, leading to increased uptake of the other component. This is seen when the pulmonary clearance of aerosols is decreased by coexposure to high levels of dust (Morrow, 1988) . If one agent alters ventilation or cardiac output, the uptake of the other agent can be altered. For example, if a worker is taking antihypertension medications, the pulmonary uptake of a chemical can be affected depending on the status of the person's cardiac output (Rosenberg, 1990) . Beta-adrenergic blocking agents attenuate the increase in cardiac output in response to physical stress. Therefore, increases in pulmonary uptake may be attenuated in workers receiving these drugs compared with nonmedicated workers. Dermal exposure to a mixture of solvents can alter dermal penetration and thus alter the levels of exposure indicators (Tsuruta, 1992) . Antacids can decrease the gastrointestinal uptake of metals (Rosenberg, 1990) .
Effects on Elimination. The elimination of one agent may be altered by changes in the metabolic rate induced by another agent. Agents causing respiratory impairment can contribute to the reduced ability to remove or clear toxic substances from the alveoli of the lung. Foreign compounds also may be excreted into bile. In the presence of liver damage caused by hepatotoxins such as carbon tetrachloride, the ratio of urinary and biliary excretion of some metals can be affected, such as seen with cadmium (Tanaka, 1981) . An increase in biliary excretion can decrease the toxicity of foreign compounds. Phenobarbital treatment of laboratory animals has been shown to enhance the biliary excretion and elimination of methylmercury from the body (Klaassen, 1975 ). The urinary system is a primary route for the excretion of many chemicals and their metabolites. Any substance causing morphological damage (necrosis) of renal tissue such as toluene or saturating the renal transport system can decrease the metabolism and excretion of other agents.
Effects on Biotransformation. The most common effects seen with coexposures to chemicals are effects on metabolism. Almost all drugs, insecticides, and other foreign compounds are metabolized by living organisms. The sum of the processes by which a foreign chemical is subjected to chemical change by the living organism is called biotransformation (Sipes, 1986) . The liver is the principle site for biotransformation of chemicals. Exposure of a chemical can markedly modify the metabolism of another by a variety of enzymatic reactions, including oxidation, reduction, hydrolysis, or group transfer. This effect on metabolism can result in an inhibition of the metabolism of the other substance or may induce or hasten the metabolism of the other substance.
Inhibition occurs when two or more chemicals or their metabolites compete for enzymes needed for further biotransformation. This competition can result in reduced metabolism, causing biological levels of parent compounds to increase more rapidly and biological levels of metabolites to increase more slowly than during exposure to a single compound. Inhibition is usually a rapid process. The total amount of metabolites excreted may not be affected, but the rate of excretion may. If two substances are presented simultaneously and are competitive, brief inhibitory effects can occur. This effect is best seen in ethanol studies. Consumption of ethanol during working hours is the most common cause of inhibition of the metabolism of industrial chemicals.
Each pathway can be affected differently if a mixture is metabolized by more than one pathway. For example, in biomonitoring workers with occupational exposure to benzene and toluene, the excretion of phenol is reduced by 57%, while the excretion of catecholamine decreases by only 18% (Ogata, 1993) . The same biomarker of exposure can be found in biological specimens collected from persons exposed to two different chemicals. These biomarkers usually are not suitable for biological monitoring of exposure to mixtures containing such chemicals.
Induction is the opposite reaction to inhibition. Induction is a process occurring when one substance potentiates the metabolism of another substance by stimulating the enzymes responsible for the metabolism of the second substance. Whereas inhibition can occur rapidly, the body may need a prolonged hepatic exposure of a substance to affect induction rates. Little information exists about the threshold levels needed to initiate an induction process. In general, induction effects are seen less frequently than inhibitory effects. Induction can accelerate the levels of metabolites, and thereby accelerate the removal of compounds from the body. This may shorten the elimination half life of a substance. Enzyme induction in workers exposed to chlorinated insecticides has been suggested. As in the case of chlordane, maximum induction may be as long as 1 to 2 weeks after exposure (National Research Council, 1980) . Phenobarbitol can cause a rather general increase in oxidative metabolism. To date there is no evidence of significant interference of induction in biological monitoring of occupational exposures (Ogata, 1993) .
Effects on Binding. Metals and some organic compounds have a tendency to bind reversibly or irreversibly to macromolecules, usually proteins. A competition for available binding sites may occur (Ogata, 1993) . When this competition occurs, one compound can displace and replace another. Albumin has the capacity to bind many compounds in the body. The binding of chemicals to plasma proteins is of special importance because severe toxic reactions can result if the agent is displaced from plasma proteins (Klaassen, 1986b) . The bound form of the chemical is not available to enter a target organ to produce injury. However, another chemical agent may displace the first from plasma proteins making it available in the free form. Most of the research related to binding of chemicals to plasma proteins has been with drugs. However, other chemicals, such as the insecticide dieldrin, also avidly bind to plasma proteins (99%) (Klaassen, 1986b) .
The liver and kidney have a high capacity to bind chemicals and probably concentrate more toxic substances than other organs. Highly lipophilic substances easily distribute and concentrate in body fat. A number of chemicals such as chlordane, DDT, and polychlorinated biphenyls are stored in body fat. Bone also can serve as a reservoir for compounds as best seen with lead, fluoride and radioactive strontium.
Numerous factors can affect the degree of binding, including the affinity and availability of the chemical substrates and of the binding sites, the pH of the biological matrix, and nutritional and physiological factors. Binding competition between heavy metals and essential metals is well documented in animal studies (Goyer, 1986) . Because binding reduces the availability of a metal for excretion, coexposure may accelerate excretion of the metals and increase their toxicity at the same time. High dietary intake of essential metals may alter cadmium toxicity and cadmium concentration in tissues, blood, and urine.
INTERACTIONS IN THE WORKPLACE AND ENVIRONMENT
Numerous examples exist of interactions between chemical and other substances such as metals, ethanol , medications, and radiation in the workplace or the environment. The combinati on of gases in the atmosphere is one of the more highly studied areas. Figure 2 shows some results of animal studies of combined substances in air pollution (Krishman, 1991) . This matrix demonstrates the linkages between certain substances that have been shown to have a supra-additive (greater than additive) effect. While the relevance of these interactions to human health remain unclear, a few of these interactions may have been experienced by human populations . For example, interaction of sulfur dioxide and ammonia could have contributed to the high rates of pulmonary disease in the London fog disaster of 1952. Sulfur dioxide and ozone interaction has been associated with the high mortality rates of Japanese children in the early 1970s.
Metals
Potential interactions of toxic substances are found in ore mines, foundries, and the production of cast iron, steel, and metal alloys. Machine manufacturing and welding operations can generate multi-component oxide mixtures. Air contaminants during welding processes include iron oxide, cadmium , zinc, fluoride, nitrogen oxides, carbon dioxides, and ozone. Previous studies looked at increased rates of pneum oconiosis and decreased pulmonary function, neuropathy, and systemic poisonings possibly related to toxicological interactions (Lewis, 1990) . Increased rates of cancer in smelter workers are perhaps the result of the aggravating influence of sulfur dioxide, benzo(a) pyrene, and other substances with arsenic exposure (Freundt, 1982) .
Solvents
Solvents represent the most widespread use of multicomponent mixtures in industry today and comprise one of the most important areas for study and prevention. Solvents are a chemically diverse group of liquids characterized by their ability to dissolve oils, fats, resins, rubber, and plastics (Lundberg, 1994) . Hundreds of individual chemicals are used to make over 30,000 industrial solvents. The use of solvents is widespread including painting, furniture, plastics, and glass fibers manufacturing, dry cleaning, pharmaceuticals, and metal degreasing . The health effects of solvent exposure include memory problems, concentration difficulties, a reduction of emotional reactivity, irritant effects of skin and mucous membranes, reproductive effects, hepatotoxicity, nephropathy, and polyneuropathy. A number of solvents, including trichloroethylene, are metabolized in common with ethanol, potentially leading to a synergistic effect called "degreaser's flush."
Ethanol ingestion in socially accepted quantities has a profound inhibitory effect on the metabolism of trichloroethylene , styrene, xylene, and toluene (Dessing, 1986) . In addition, studies have been conducted of solvent-solvent interactions, though few were performed in humans. Toluene and xylene show mutual competitive inhibition. Toluene and xylene inhibit the biotransformation of benzene and protect experimental animals from the hemototo xicity of benzene (Lundberg, 1994) . The individual concentrations of organic solvents in the work environment can indicate that each agent is within the permissible level. However, the combined effect of these solvents could conceivably promote changes in workers' health due to additive or synergistic effects. At dose levels within permissible limits, no interaction could be demonstrated for toluene and benzene, and styrene and acetone (Dessing, 1986) .
A noise-solvent interaction also has been demonstrated (Morata, 1993) . Organic solvents are well known for their neurotoxic effects. It has been hypothesized that solvents can injure the sensory cells and peripheral nerve Morata (1993) and NIOSH (1996) . Reprinted with permission.
endings of the cochlea. Because of the known solvent related effects on the brain, a retrocochlear influence also can be expected (Barregard, 1984) . In a study of paint manufacturing workers with occupational exposure to a solvent mixture containing mainly toluene, xylene , methyl ethyl ketone, and methyl isobutyl ketone (but no noise exposure ), an increased risk of hearing loss was found when compared with workers exposed to noise, but no solvent mixtures. The interactive effect of solvents and noise was demonstrated in this study by the finding that exposure to noise and the solvent toluene results in a two to three times higher risk of hearing loss than exposure to either component alone (Figure 3 ).
Pesticides
The effects of pesticides on human health are an increasing concern. Despite the large amounts of pesticide chemicals used and the potential of many to cause adverse health effects in humans, there are still insufficient data to accurately determine the true impact of pesticides on human health (Taskforce of Environmental Cancer, 1990). The toxic effect of pesticides is influenced by the dose and duration of exposure, the age and genetic make up of the individual, and coexposure s to other substances. As is the case with the other substances discussed, pesticides occur in mixtures more frequently than not. However, toxicity tests primarily have been conducted with single compounds. A pesticide usually is applied as a substance with the "active" ingredient (the pesticide), diluents (often solvents), additives, and other "inert" ingredients. Inert ingredients can include solvents and other volatile compounds. Studies using animal models have shown mixtures of pesticides yield synergistic, additive, or antagonistic effects, but prediction of the nature of the effect cannot be made easily (Chambers, 1994) .
Organochlorine insecticides have been largely banned or restricted in the United States. However, some classes of these pesticides are still in use (lindane. endosulfan, and chlordane). A recent study by Arnold (1996) heightened concern regarding the potential adverse effects of exposure to mixtures of organochlorines (estrogen mimickers of endocrine disrupters). Used singularly, organochlorine insecticides appear to have weak estrogenic effects. However, these findings suggest the need to reconsider their potency in terms of synergistic potential.
The health effects associated with exposures to organophosphates and carbamates-the cholinesterase inhib iting insect icides-are well documented. The organophosphates were developed following World War II as a consequence of the synthesis of the organophosphate nerve gases. Organophosphates represent one of the largest and most important classes of pesticides. The co-exposure to organophosphate pesticides and possible low doses of organophosphate nerve gases has been postulated as a possible explanation for some cases of Persian Gulf War unexplained illnesses (Haley, 1997) . The researchers hypothesized that multiple exposure to organophosphate chemicals overwhelm the organism's ability to neutralize them. An enzyme that metabolizes these agents (butyrylcholinesterase) is monopolized by one or more of the organophosphate agents, possibly reducing the body's ability to deal with other chemicals. Those chemicals then could be transported into the brain, causing damage they would not produce on their own (Pennisi, 1996) .
Tobacco Smoke
Tobacco smoke contains more than 3000 identified chemicals . Some of them, such as nicotine, polyhalogenated insecticides, and cadmium, sometimes act as enzyme inducers. Others, such as carbon monoxide, hydrogen cyanide, cadmium, nicotine, and organophosphate insecticides, also may be enzyme inhibitors. Dominant chemicals in tobacco, the polynuclear aromatic hydrocarbons, are potent enzyme inducers (Hjelm, 1988 ). An example of the interaction of smoking and chemical exposure can be seen with exposure to the solvent methylene chloride. Methylene chloride is a potent liver toxin and anesthetic. It metabolizes to carbon monoxide, with formation of carboxyhemoglobin. NIOSH has recommended a biological threshold limit value for methylene chloride based on blood COHb saturation. Figure 4 shows a comparison of non-smokers and smokers in regard to the metabolism of methylene chloride. Two male smokers were exposed for 7.5 hours to 100 ppm methylene chloride. Cigarettes were smoked before, during, and after the exposure. The time course of methylene chloride in the blood was compared with the time course of methylene chloride in the blood of five nonsmokers exposed similarly to methylene chloride. Blood concentrations of methylene chloride appear to be elevated over those for nonsmokers both during and after the exposure, but no formal statistical tests confirm this observation. These studies also concluded that smokers have higher levels of COHb concentration and when exposed to methylene chloride an additive effect can be seen (DiVincenzo, 1981) .
Alcohol
Alcohol ingestion and potential interaction with chemical exposures in the workplace are of great concern. The toxic effects may be additive, synergistic, or .01 0 4 8 4 8 12 16
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Figure 4: Time course of methylene chloride in the blood for two cigarette smokers exposed to 100 ppm of methyl chloride vapor compared to methyl chloride exposed non-smokers. From DiVincenzo (1981) . Reprinted with permission.
antagonistic, depending on the alcohol level in blood, duration of alcohol use, nutritional or liver status, and the nature of the other chemicals (Fiserova-Bergerova, 1993) . Ethanol can inhibit the chemical metabolism of styrene, tricholorethylene, xylene, and toluene , among many others. These potential interactions pose many questions regarding health impact, including changes in the dose of solvent required to result in chronic brain damage or cirrhosis and the impact of these interactions on worker susceptibility to cancer. Three major differences exist between occupational exposures and drinking (Fiserova-Bergerova, 1993):
• One drink (12 g of ethanol) results in ethanol concentrations in the blood 1000 times higher than concentrations of other chemicals inhaled or dermally absorbed during permissible work exposures.
• Ethanol is ingested, not inhaled or dermally absorbed. The bioavailability of ethanol for hepatic metabolism is larger for ingested ethanol than inhaled or percutaneously absorbed chemicals. Effects of the presence of alcohol on occupational chemicals is, in general, easier to study than effects of coexposures to work chemicals.
• Ethanol metabolism is mediated by three metabolic pathways (alcohol dehydrogenase, catalase, and the microsomal ethanol oxidizing system-MEOS). All of the enzymes in each of these pathways may be involved in the metabolism of other organic chemicals (Andrews, 1986) . Consumption of an alcoholic beverage during the workshift has a profound effect on the biological levels of organic chemicals . The blood level of an inhaled compound may increase such as seen with xylene, toluene, tricholorethylene, and methyl ethyl ketone. As long as the ethanol level is high, excretion of metabolites is reduced . The peak excretion of metabolites may be delayed more than 2 hours. After ethanol concentrations decline, the excretion of metabolites can increase and take longer compared with excretion by abstaining workers (Fiserova-Bergerova, 1993 ).
-Medications
Fifteen to 30% percent of workers may be receiving prescription or nonprescription medications (Rosenberg, 1990) . The interactions between therapeutic agents and exposures in the workplace is a largely unexplored field (Borm, 1988) . These drugs and medications may affect the relationship between the external exposure (dose) of a chemical and the concentration of that chemical or its active metabolite in a sampled biological medium. Additionally, they may affect the relationship between exposure and concentration at a receptor site. Medications sharing metabolic pathways with chemicals used in occupational settings are listed in Table 2 . While the medication itself does not affect the metabolism of the other chemical, concurrent exposure to both substances could lead to misinterpretation of levels of biomarkers of exposure to the workplace chemical. Examples of medications that can affect the metabolism of other agents are listed in Table 3 . These examplps are by no means complete, and only reflect associations that have been reported in occupational and pharmacological reports.
Many commonly administered drugs are known to increase the activity of hepatic enzymes. The most commonly used are anticonvulsant drugs such as phenob. tal and phenytoin and antiinflammatory agents~u","as phenylbutazone. However, the increased metabolic effect is seen only in a limited number of solvents. Phenobarbjs tal induces a marked increase in the metabolisni. toluene and styrene, but does not affect the metabolism t'I benzene (Sato, 1987) . Disulfiram (Antibuse), used to treat alcoholism, has been shown to have an inhibitory effect with some chemicals such as TRI. Analgesics seem to play a particular role in interfering with the-metabo- (Alessio, 1995) . Aspirin can inhibit the metabolism of some chemicals, including the metabolism of m-xylene, an aromatic hydrocarbon to methyl hippuric acid. In addition, drugs taken that affect hepatic blood flow consequently affect the metabolism of chemicals. Beta-adrenergic blockers, which cause a decrease in hepatic blood flow by decreasing cardiac output, will decrease the hepatic clearance of chemical compounds. Drugs that affect urine pH, such as ammonium chloride and thiazide diuretics, influence the concentration of JANUARY 1998, VOL. 46, NO.1 chemical substances that are weak organic acids and bases and dependent on urine pH. Clearly, the medications an individual takes can have effects on the body's ability to metabolize substances in the environment or work setting and have clinical implications for occupational health personnel. Predictions of interactions require a thorough knowledge of the pharmacokinetics/dynamics of both the drug and the chemical. Those responsible for biological monitoring programs need to be aware of the potential for these interactions and have access to a list of those drugs with demonstrated effects on biological monitoring of specific chemicals. The role of medications always must be considered when interpreting abnormal results.
Type of Action

RISK ASSESSMENT AND ESTABLISHING SAFETY OR REGULATORY LEVELS
The risk assessment problem posed by exposure to multiple chemical agents can be approached in several ways (National Research Council, 1980) . The literature can be searched for laboratory, clinical, or epidemiological studies dealing specifically with exposures to the combinations of chemicals in question. Currently, the data available are limited and most is qualitative, supporting or suggesting a specific mechanism responsible for the interactive effect. In general, the data on health effects associated with exposure to chemical mixtures can be grouped in one of four basic categories (Krishnan, 1994 ): • Health effects from exposure to interactions are demonstrated in humans exposed at or below allowable exposure concentrations. • Health effects from exposure to interactions are demonstrated in humans at high exposure concentrations only. • Interaction effects are demonstrated in animal studies at low doses but potential for occurrence in humans is not known. • Interaction effects demonstrated in animal studies at high doses but potential for occurrence in humans or animals at low doses is not known (largest category).
In the absence of data about health effects, laboratory and/or epidemiological studies need to be initiated to test specifically for interactive effects of certain combinations of chemicals. Given the scarcity of data available for assessment of risk, knowledge of the toxicokinetic and toxicodynarnic characteristics of individual chemicals often is used to judge the potential for altered health risk arising from exposure to specific combinations of chemicals.
No single approach is appropriate for all risk assessments of multiple chemical exposures. The Environmental Protection Agency (EPA) has concluded that the evaluation of additivity of the effect of individual components is the only practical approach at this time. ACGIH set the following rules in 1991:
• If biological effects of the mixture components are independent, then threshold limit value time weighted average (TLV-TWA) can be applied without any adjustment. • If the mixture components have additive effects, then reduction of the exposure limits should be determined 38 by using a standard equation to determine a new hazard index. • If the effect is synergistic, the equation does not apply, and the hazard index must be determined individually. • No guidelines are given for mixtures with antagonistic effects (ACGIH, 1991) .
If confronted with a possible exposure interaction in the workplace, the information on the interaction (or an interaction of similar chemicals) must be evaluated. Particularly the dose administered and the species studied need to be evaluated for relevance in humans. If the evaluation indicates there is a high probability for the substances to have an interaction, necessary precautions need to be taken to avoid such a combined exposure (Krishnan, 1994) . The EPA has produced two documents helpful in the risk assessment of chemical mixtures. The EPA Guidelines for the Risk Assessment of Chemical Mixtures (1986) describes the nature of the problem, offers a decision framework for risk assessment, and discusses the general procedures for estimating risk. The EPA Technical Support Document on Health Risk Assessment of Chemical Mixtures (1990) is a comprehensive review of available information about mixture toxicity and interactions.
RESEARCH AND CLINICAL IMPLICATIONS
NIOSH has identified chemical interactions as a priority research area. Synergistic effects of multiple exposure to chemicals need further investigation with laboratory studies of physiologic interactions at the target organs and improved animal models for extrapolation to humans. Field studies are needed to characterize simultaneous exposures of workers. Interdisciplinary teams of researchers are needed to approach this problem. The combined tools of molecular biology and epidemiology can be used, and improvements in laboratory and statistical analysis methods are needed. Research results then can be used to develop hazard controls that account for the components in the mixture.
Just as research has focused on single chemical exposures and health effects, workplace practice policies often are directed to exposure to single agents. Few clinical guidelines exist for potential interaction effects. Almost limitless numbers of agents and combinations thereof exist to which an individual may be exposed throughout life. Seemingly safe working conditions established for individual chemical agents may not be applicable in an occupational environment containing chemical mixtures. In work settings where chemical mixtures occur, a "main substances used in the workplace" list needs to be developed and kept up to date.
Given the limited number of substances for which research on interaction effects is available, priority should be given to listing solvents. For example, the following need to be listed: • the solvents used in the work setting.
• processes in which the solvent is used.
• locations in the facility in which the solvent is used.
• the volume of the solvent used per year in the facility (if available). • the number of workers currently under health surveillance for the solvent exposure . As research accumulates regarding potential interactions, the list can be cross referenced to determine the substances used in work processes simultaneously or sequentially and to identify potential areas/work processes of concern. This list should be made readily accessible to the occupational health and safety team and serves as a useful guide for health professionals whose task it is to interpret the results of biological monitoring programs. The work patterns of the individuals can be analyzed to determine those individuals moving from one process to another (i.e., supervisors, maintenance and repair personnel, or "floaters") and may be more at risk for sequential exposure to multiple chemicals.
Occupational health and safety personnel need to evaluate alcohol use and recommend workers abstain from drinking alcoholic beverages on the day biological sampling is carried out and, in some specific cases (i.e., trichloroethylene exposure), also on the previous day. Information about smoking habits of workers also needs to be readily available. Clearly, smoking during work hours must be discouraged. Workers need to be screened for medicine use for which interference on biological indicator levels have already been ascertained. This is seen in the case of phenobarbital's ability to increase the activity of hepatic enzymes, thereby inducing the biotransformation of other agents. In biological monitoring, whenever feasible, the parent substance as well as its metabolites should be determined simultaneously to identify any possible metabolic interference following ingestion of alcohol and drugs. The levels of parent substances and metabolites also can be influenced by dietary factors. Kinetic differences between different ethnic groups and toxic substances encountered also must be evaluated carefully.
CONCLUSION
Knowledge about the health effects associated with exposures to chemical mixtures is in its infancy. However, the potential for coexposures to chemicals and other toxic substances is widespread, not only in the workplace, but also in many environmental exposures. In the JANUARY 1998, VOL. 46, NO.1 future, the joint toxic action of chemicals must be studied aggressively. As this knowledge base develops, the information should be disseminated to the occupational health and safety work force so that measures can be taken to better protect workers.
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Exposures to mixtures of chemicals in occupational settings and in the environment are of increasingconcern. No single approach is appropriate for determining the risk associated with exposure to chemical mixtures.
The effects of coexposure of chemicals can occur in different stages of metabolism, including uptake, elimination, biotransformation, and binding.
Solvents represent the most widespread use of multicomponent mixtures in industry today. Solvents have the ability to inhibit the metabolism of other chemicals.
Lifestyle factors such as exercise, alcohol use, smoking, and the use of medications can affect the uptake and metabolism of chemicals. The effects of these factors are of particular significance in interpreting the results of biological monitoring of exposed workers.
